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It has been previously reported that the newborn rabbit is highly resistant 
to certain toxic effects of bacterial endotoxin (1, 2), but that susceptibility to 
the lethal effect of endotoxin increases as the animal ages (3). These observa- 
tions support the hypothesis that the biologic activity of bacterial endotoxin 
in  "normal"  animals depends  upon  delayed  type  hypersensitivity to  these 
substances developing as a  result of the  Gram-negative microorganisms that 
flourish in the intestines (4, 5). 
In contrast to the above findings, the present study with the guinea pig has 
shown that the newborn is more susceptible than the adult to the lethal effect 
of bacterial endotoxin. 
Materials and Methods 
Endotoxin.--Salmondla enteritidis  endotoxin (Difco, lot 114466) was diluted in physiologic 
pyrogen-free saline, heated to 80°C for 10 minutes, and then stored at 4°C. The sterility of this 
solution was confirmed by weekly testing throughout the duration of the experiments. Dilu- 
tions of this endotoxin were used, unless otherwise indicated, and the doses are expressed as 
#g/100 gm body weight. Diphtheria  toxoid solutions of equal strength were used as control 
injections. 
Injection of Animals.--Adult guinea pigs weighing 350 to 700 gm and newborns less than 
24 hours old (neonatais) between 50 and 135 gm were used. The pregnant females were kept 
2 in a cage. 
All injections were given aseptically into a vein in one hindfoot using a tuberculin syringe 
and 27 gauge needle. The volume of solution injected into neonatals was 0.2 to 0.25 ml and 
into adults 0.5 to 1.0 ml. In each litter of 2 to 4 neonatais, 1 control animal received diphtheria 
toxoid and the others the same dose of endotoxin. The animals were observed at 3, 24, and 
48 hours and the deaths recorded. Over 75 per cent of the deaths occurred within 24 hours. 
The organs of 10 newborns that succumbed within 24 hours were examined with a hand lens 
and sections of the organs were obtained for histologic study. For skin testing, 0.1 ml of an 
endotoxin solution was injected intradermaily and the diameter of the erythema at 24 hours 
was measured with a millimeter ruler. 
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Carbon Clearance.--Carbon  particles suspended in gelatin measuring about 250 A  (Gun- 
ther Wagner Co., Hanover, Germany) were kindly supplied to us by Dr. B. Benacerraf. The 
technique for measuring carbon clearance has been previously described (6, 7).  Mter heating 
to 50°C and dilution in distilled water,  8 mg of carbon/100 gm body weight  (0.5  to 0.6 ml 
for the newborns) was injected intravenously. Quantitative bleedings of 50 gl were performed 
from the retro-orbital space with a  capillary pipette.  The blood was diluted in 2 ml of 0.1 
per cent Na2CO8  and read at 675  mbt in a  Beckman spectrophotometer. The optical density 
was converted to mg carbon/100 ml by comparison with a standard curve. 
Log C1 -  Log C~, 
The phagocytic index, K  =  T1  -  T2  ' 
where C1 and C2 are the concentrations of carbon measured respectively at times T1 and T~, 
could  then  be  calculated. 
Temperature and Leucocyte Response.--Rectal  temperatures were  recorded  with an elec- 
tronic thermometer (Tri-R, Long Island City, New York) inserted 2 cm for 30 seconds. 
White counts were performed in a  Levy hemocytometer using blood obtained from the 
retro-orbital space with a  capillary pipette.  A  smear was made from each sample and  100 
cells were classified for differential counts. 
RESULTS 
Lethal  Effect  of Endoloxin.--After  intravenous injection of newborns  with 
as little as 1 gg of bacterial endotoxin/100 gm, signs of inactivity, generalized 
weakness, and hypothermia developed after several hours. With larger doses, 
these manifestations  progressed  to prostration and  death,  usually within  24 
hours. Similar signs occurred in adult animals receiving larger doses of endo- 
toxin. Macroscopic examination of the organs of 10 newborns and 3 adults that 
succumbed to endotoxin injection revealed occasional small punctate hemor- 
rhages in the lungs and intestinal walls. Microscopic examination of the organs 
showed  only  severe  congestion  and  occasional  hemorrhages.  No  fibrinoid 
deposition was observed. 
Table  I  records  the  deaths  resulting  from  injection  of  43  adults  and  38 
newborns with various doses of endotoxin. As can be seen from Table I, the 
LDs0 for newborns was between 5 and 7.5 gg (per 100 gm) and 2.5 #g of endo- 
toxin caused death  in  3  of 9  animals.  In  contrast,  the LDs0 for adults  was 
between 35 and 50 #g and death did not occur until 25 #g was used. Thus, the 
lethal dose of endotoxin (per 100 gm) for the adult guinea pig is 5 to 10-fold 
greater than for the newborn.  Since 2 of 3  1-week-old animals succumbed to 
injection of 10 #g of endotoxin, the hypersusceptibility of the newborn lasts 
for at least several days after birth. 
It was possible that materials in the endotoxin preparation other than the 
endotoxin itself were responsible for its lethal effect. In the process of investi- 
gating this possibility, the following observations were made:  (a) injection of 
10  ~g  of endotoxin previously heated to  100°C  for 30  minutes  killed 5  of 6 
neonatals. (b) injection of 20 #g of either E. coli or Sh. flexneri endotoxin killed JONATHAN W.  UttR  687 
all  of  6  neonatals.  (c)  a  non-lethal  intradermal  dose  of  endotoxin  furnished 
protection against a  lethal dose administered 24 hours later. 3 neonatals  were 
skin-tested with  2,5  #g endotoxin and  the next day they and  2 normal new- 
borns were injected intravenously with 25  /~g of endotoxin. Only the 2 control 
animals died. 
TABLE  I 
Lethal Effect of S. enteritidis Endotoxin on Newborn and Adult Guinea Pigs 
Age 
1 day~ 
Adult 
Dose* 
1 
2.5 
5 
7.5 
10 
2.5 
12,5 
25 
35 
50 
60 
125 
Number 
0/4§ 
3/9 
4/12 
5/5 
7/8 
o/3 
o/3 
2/7 
2/7 
10/12 
7/7 
4/4 
Dea~s 
0 
33 
33 
100 
88 
0 
0 
29 
29 
83 
100 
100 
* Injected intravenously in 0.25 to 0.5 ml saline. Dose expressed as #g endotoxin/10o gm 
body weight. 
~t Approximately 25 per cent of these animals were less than 4 hours of age and 50 per cent 
less than 18 hours old. 
§ Numerator, number dead at 48 hours; denominator, number injected. 
Effect  of Corticosteroids  on  the Response  to  Endotoxin.--Pretreatment  with 
cortisone or hydrocortisone protects mature rabbits (8) and also mice (9) from 
the lethal  effect of endotoxin  injection.  Moreover, adrenalectomized rats are 
extremely vulnerable  to  typhoid vaccine, but  are protected by  pretreatment 
with  cortisone  (10).  It was possible therefore that  the  hypersusceptibility of 
newborn  guinea  pigs  to  endotoxin  might  be  accounted  for  by  a  relatively 
insufficient adrenal response. 
To test this possibility, 5  adult  and  12 newborn guinea pigs were injected 
intramuscularly with 5  mg of cortisone  (Merck)  and 5  mg of hydrocortisone 
(Upjohn)  1  hour  before intravenous  injection  with  10  to  100  gg  endotoxin. 
(All doses expressed as per 100 gm). 5 adult and 7 newborn animals challenged 
only with endotoxin served as controls. 688  BACTERIAL ENDOTOXIN  AND  NEWBORN  GUINEA  PIG 
Table II records the deaths in this experiment. As can be seen, pretreatment 
with  cortisone  appeared  to  provide incomplete protection  in  both  newborns 
and adults. Such pretreatment did not abolish the relative hypersusceptibility 
of the newborn to the lethal effect of endotoxin. 
Phagocytic  Function  of the  Reticuloendothelial  System  of Newborns.--It  has 
been previously shown (11,  12) that induced tolerance to endotoxin is associated 
with a  more rapid clearance of the lipopolysaccharide from the blood by the 
reticuloendothelial  system,  and  that  such  tolerance  is  lost  after intravenous 
administration  of large amounts  of colloids  which  interfere  with  the  normal 
function of this system. It was possible, therefore, that the special vulnerability 
TABLE  II 
E ffext of Pretreatment with Cortisone on the Lethal Effevt of Endotoxin 
Deaths 
Dose of endotoxln 
b~er 100 gm  Adults  Newborns 
dy weight* 
Cortisones  Control  Cortisone  Control 
#g 
10  --  --  4/9§  4/5 
20  --  --  3/3  2/2 
100  2/5  5/5  --  -- 
--, Not done. 
* During the interval  between this and previous experiments, the potency of the endo- 
toxin preparation had declined approximately 50 per cent; therefore, larger doses were used 
for this experiment. 
:~ 5 mg of cortisone/100 gm and 5 mg of hydrocortisone/100 gm were injected intramuscu- 
larly 1 hour prior to endotoxin challenge. 
§ Numerator, number dead at 48 hours; denominator, number injected. 
of newborn  guinea pigs  to  the  lethal  effect of endotoxin  resulted  from their 
inability to clear colloidal substances from the blood. 
The  phagocytic  capacity  of  the  reticuloendothelial  system  (6,  7)  can  be 
measured quantitatively by determination  of the blood clearance of colloidal 
substances  such  as  carbon.  2  350  gm guinea pigs and  2  24-hour-old animals 
weighing 100 and  117 gm were injected intravenously with 8 mg/100 gm of a 
carbon suspension. The animals were bled at intervals for 15 minutes and the 
clearance of carbon measured. 
As shown in Fig. 1, neonatal guinea pigs like neonatal rats (13) can efficiently 
remove carbon from the circulation. Moreover, there was no striking difference 
between the phagocytic indices of newborns and adults. 
Skin Reactions to Endotoxin.--It has been shown previously that intradermal 
injection  of  endotoxin  into  adult  rabbits  elicits  an  inflammatory  response JONATHAN  W.  UHR  689 
resembling in appearance delayed type hypersensitivity skin reactions (4). We 
also observed that 5 of 6 adult guinea pigs skin-tested with 2.5 #g of endotoxin 
(per  100 gin) showed skin reactions  of 10 to 15 mm in diameter at 24 hours. 
In contrast, intradermal injection of 6 newborns  with the same amount of 
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Fro.  1.  Clearance of carbon particles from  the circulation of adult  and newborn  guinea 
pigs. 8 mg of carbon/100 gm  was injected intravenously into 2  adult  and 2  24-hour-old ani- 
mals. 
endotoxin did not result in delayed inflammatory  reactions. Local Shwartzman 
reactions were not provoked by intravenous injection of 25 #g endotoxin in the 
previously skin-tested neonatals; however,  we have not been  able  to  elicit 
such a reaction in adults using 25 ~g of endotoxin intradermally followed 18 
hours later by 250/zg intravenously. 
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Fro. 2. Leucocyte response of adult and newborn guinea pigs to endotoxin. 6 adult and 8 
newborn animals were  injected intravenously with  10/~g endotoxin/100 gm body  weight. 
The number of circulating granulocytes was determined just prior to and  15 minutes follow- 
ing  endotoxin  challenge. 
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Fro. 3. Temperature response of adult and newborn guinea pigs to  endotoxin. Groups of 
3 to 4 animals were injected intravenously with either  1 or 0.1 #g endotoxin/lO0 gm body 
weight. The average temperature response of each group is recorded. JONATHAN W.  UttR  691 
leucopenia occurs within minutes after injection of endotoxin into adult animals 
(14).  The  leucocyte count  and  differential were  therefore  determined  in  8 
neonatals and 6 adults before and 15 minutes after injection of 10/zg of endo- 
toxin.  The  resultant  granulocytopenia  was  considerably  more  marked  in 
adult animals than in the neonatals (Fig. 2). 
Temperature  Response.--The  temperature  response  to  the  intravenous 
injection of 0.1 or 1 #g of endotoxin was studied in neonatals and adults. Fig. 3 
indicates that the biphasic fever response commonly seen in adults after endo- 
toxin injection did not occur in the newborn. In the latter, the initial tempera- 
ture elevation was less marked and the second peak of fever was usually absent. 
DISCUSSION 
The  studies  reported  here  indicate  that  the  newborn  guinea pig  is  more 
susceptible  than  the  adult  to  the  lethal  effect of  bacterial  endotoxin.  The 
LD60/100  gm body weight of S. enteritidis endotoxin for neonatals was 5 to 7 
~g and for adults 35  to 50 #g. We have attributed the lethal effect of the in- 
jected material for  the  neonatal  to  its  endotoxin content for  the  following 
reasons:  (a)  the simUarity of signs following injection of endotoxin into neo- 
natals and adults, namely, generalized weakness, hypothermia, and, eventually, 
collapse. (b) the effectiveness of endotoxin preparations from several strains of 
Gram-negative microorganisms. (c) the  relative stability of the lethal factor to 
heating at  100°C for 30 minutes.  (d)  the protection  against a  usually lethal 
dose of endotoxin by intradermal injection 24  hours previously of 2.5  ~g of 
endotoxin. Such rapidly acquired tolerance to the lethal effect of endotoxin is 
analogous to that previously described in adult rabbits (15). 
Comparison between the sensitivities of several species  to the lethal effect 
of endotoxin reveals that the neonatal guinea pig is probably the most sensitive 
normal host that has been studied to date. The LD60/100  gm for adult rabbits 
and  10-day-old chick embryos is  20  to 30  ~g (16)  and for the mouse I  rag, 
compared to approximately 6.5 #g for the newborn guinea pig. It has not been 
determined  whether  the  hypersusceptibility of  the  latter  is  a  true  hyper- 
reactivity to the pharmacologic effects  of endotoxin, or is due simply to absence 
of a protective factor or an insufficient homeostatic mechanism. We have not 
attributed the newborns' vulnerability to hypofunction of either the adrenal 
gland or the reticuloendothelial system, since prior injection of corticosteroids 
provides  only partial  protection  to  endotoxin, and  newborns  can  efficiently 
remove colloidal substances from the circulation. 
The mechanisms unde:]ying the various physiological reactions of experi- 
mental animals to  injection of bacterial endotoxins are not yet understood. 
It has been postulated previously (4) that the first injection of bacterial endo- 
toxin into an adult animal is  analogous to  the  eliciting injection of specific 
antigen into an animal with delayed type hypersensitivity to  that antigen. 
Sensitization to endotoxin was presumed to have resulted from stimulation by 692  BACTERIAL  ENDOTOXIN  AND  NEWBORN  GUINEA  PIG 
bacterial antigens released from the intestinal flora which is established soon 
after birth. Two previous findings that support this hypothesis are: (a)  new- 
born rabbits are relatively resistant to the toxic effects of bacterial endotoxins 
(1, 2),  and their susceptibility to the lethal effect of endotoxin increases with 
the age of the rabbit (3); (b)  the first intradermal injection of endotoxin into 
adult rabbits elicits a delayed inflammatory  reaction which resembles that seen 
in delayed type hypersensitivity skin reactions (4). 
Our studies of newborn guinea pigs, however, indicate that,  (a)  neonatals 
are highly sensitive to the lethal effect of endotoxin and that susceptibility 
decreases  with age; (b) newborns, in contrast to adult animals, do not readily 
develop inflammatory reactions to intradermal injections of endotoxin. New- 
borns  are  generally considered  to have been  protected from prior  antigenic 
stimulation; however, the question can be raised as to whether the neonatal 
guinea pigs used in our experiments could have been sensitized to endotoxin 
in  utero  by  transplacental passage  of  either  antigen  or  sensitized  maternal 
leucocytes. This possibility would appear unlikely, since  earlier studies  (17) 
have  indicated  that  active  sensitization of pregnant  guinea pigs  to  protein 
antigens did not confer delayed type skin reactivity on their progeny (although 
the embryos could be sensitized if they themselves were injected with antigen 
in  utero).  Moreover,  the neonatal animals used in  this study did not show 
delayed skin reactions to endotoxin. These considerations, therefore, have led 
to the conclusion that the susceptibility of the neonatal animal to the lethal 
action of endotoxin cannot be attributed to prior development of the delayed 
type  of  hypersensitivity to  bacterial  endotoxin.  A  similar  conclusion  was 
reached by Smith and Thomas (16) in regard to the lethal effect of endotoxin 
on the 10 to 12-day-old chick embryo. 
In view of the unusual sensitivity of the neonatal guinea pig to the lethal 
effect of endotoxin, the newborn's failure to respond in the usual fashion to the 
pyrogenic  and  leucopenic  effects  of  endotoxin  is  of  particular  interest.  In 
contrast to adults, neonatals did not usually show a striking granulocytopenia 
nor a sustained fever after endotoxin injection. These findings suggest, therefore, 
that there are different mechanisms underlying the lethal and granulocytopenic- 
pyrogenic effects of endotoxin. Alterations in granulocytes, however, may be 
essential for a full febrile response to endotoxin, since it has been postulated 
that the second peak of endotoxin fever is due to the release by granulocytes of 
an endogenous pyrogen (18).  Thus, our findings could certainly be explained 
if smaller amounts of endogenous pyrogen were released into the circulation of 
newborn guinea pigs compared to adults after the injection of endotoxin. On 
the other hand, we have observed that newborn guinea pigs unlike adults are 
frequently unable to  maintain their body temperature  during mild chilling. 
Similar observations have been made in newborn rats by Poczopko (19)  who 
concluded that such animals do not yet possess  a  vasomotor mechanism for JONATHAN W.  UH.R  693 
heat conservation or dissipation, and behave like heterothermic animals. Thus, 
a deficient vasomotor apparatus in the newborn guinea pig may also contribute 
to the lack of a full febrile response to endotoxin. 
SUMMARY 
Newborn guinea pigs  (less  than 24 hours old)  are highly susceptible  to the 
lethal  effect  of endotoxin and susceptibility  decreases  with age.  The vulner- 
ability  to endotoxin has not been attributed to hypofunction of either  thc 
adrenal gland or the reticuloendothelial  system of the newborn, since  prior 
injection  of corticosteroids  provides only partial  protection  to endotoxin and 
newborn  guinea pigs can  efficiently  remove  colloidal  substances from  the 
circulation.  In contrast  to adults,  newborns do not develop a delayed inflam- 
matory reaction  following  intradermal injection  of endotoxin,  and after  intra- 
venous challenge  frequently fail  to display  neutropenia and sustained fever. 
BIBLIOGRAPHY 
1.  Gratia, A.,  and Linz, R.,  Les phenomenons de  Sanarelli  et de Shwartzman ou 
l'allergie hemorrhagique, Ann. Inst..Pasteur,  1932, 49, 131. 
2.  Witebsky, E., and Neter, E., Significance of age of rabbit for elicitation of Shwartz- 
man phenomenon, J. Immunol., 1936, 30, 471. 
3.  Smith, R. T., and Thomas, L., Influence of age upon response  to meningococcal 
endotoxin in rabbits, Proc. Soc. Exp. Biol. and Meal., 1954, 86, 806. 
4.  Stetson,  C.,  Studies  on the mechanism of the  Shwartzman phenomenon. Simi- 
larities between reactions to endotoxins and certain reactions of bacterial al- 
lergy, J. Exp. Med.,  1955, 101,421. 
5.  Stetson, C., Endotoxins and bacterial allergy, in Cellular and Humoral Aspects of 
the  Hypersensitive  States,  (H.  S.  Lawrence,  editor),  New  York,  Hoeber- 
Harper 1959, 442. 
6.  Biozzi,  G., Benacerraf, B., and Halpern, B. N., Quantitative study of the gran- 
ulopectic activity of the  reticuloendothelial  system. II., Brit. J. Exp.  Path., 
1953,  34,  441. 
7.  Benacerraf,  B.,  Quantitative  aspects of phagocytosis, in  Symposium on  Liver 
Function, (R. Brauer, editor),  Publ.  No. 4,  Washington,  D.C., American In- 
stitute  of Biological  Sciences,  1958, 205. 
8.  Thomas, L., and Smith, R. T., Effect of cortisone on response to endotoxin in 
mature rabbits, Proc. Soc. Exp. Biol. and Med., 1954, 86, 810. 
9.  Spink,  W.  W.,  and Anderson,  D.,  Experimental studies  on  the  significance  of 
endotoxin in the pathogenesis of brucellosis, J. Clin. Inv., 1954, 33, 540. 
10.  Lewis, L. A., and Page, I., Studies on the protective power of adrenal extract and 
steroids  against  bacterial  toxins  in  adrenalectomized  rats,  Ann.  New  York 
Acad. Sc.,  1949, 50,  547. 
11.  Beeson, P. B., Tolerance to bacterial pyrogens. I. Factors influencing its develop- 
ment, J. Exp. Med., 1947, 86, 29. 
12.  Bennett, I. L., Jr., and Beeson,  P. B., Observations on the fever caused by bac- 694  BACTERIAL ENDOTOXIN AND NEWBORN GUINEA PIG 
terial pyrogens. I. A  study of  the  relationship between  the  fever caused by 
bacterial pyrogens and the fever accompanying acute infections,  J. Exp. Med., 
1948, 88, 267. 
13.  Stiffel,  C.,  Biozzi,  G.,  and Benacerraf, B.,  ]~tude  des modifications  du pouvoir 
phagocytaire du  systgme r~tictflo-endoth61ial en fonction de l'~ge chez  le rat 
et le lapin, Compt. rend. Soc. biol., 1956, 6, 1075. 
14.  Berthrong, M., and Cluff, L. E., Studies  of the effect of bacterial endotoxins on 
rabbit leucocytes.  I. Effect of intravenous injection of the substances with and 
without induction of the local Shwartzman reaction, J. Exp. Med., 1953, 98, 331. 
15.  Shwartzman, G., Spontaneous and acquired active immunity to the phenomenon 
of local skin reactivity to bacterial filtrates, J. Exp. Med., 1932, 55, 889. 
16.  Smith, R. T., and Thomas, L., The lethal effect of endotoxins on the chick embryo, 
J. Exp. Med., 1956, 104,  217. 
17.  Uhr, J. W., Development of delayed-type hypersensitivity in guinea pig embryos, 
Nature, 1960, 187,  957. 
18.  Atkins, E., and Wood, W. B., Jr., Studies  on the pathogenesis of fever. II. Iden- 
tification  of an endogenous pyrogen in the blood stream following the injection 
of typhoid vaccine, J. Exp. Med., 1955, 102, 499. 
19.  Poczopko, P.,  A  contribution  to  the  studies  on  changes  of energy metabolism 
during postnatal  development. I. Development of mechanisms of body tem- 
perature regulation in rats, J. Cell. and Comp. Physiol., 1961, 57, 175. 